Magneto-electric coupling in pyroelectric CaBaCo4O7 is investigated using ab-intio calculations and Landau theory. The former shows that exchange-striction is strong enough to produce a giant change in electric polarization upon ferrimagnetic ordering, comparable to the experimentally determined value of ∼ 17 mC/m 2 . Furthermore, Landau theory demonstrates that magneto-elastic coupling in CaBaCo4O7 is responsible for the strong magneto-electric coupling appearing close to the magnetic phase transition.
I. INTRODUCTION
Solid-state materials that adopt a polar crystal structure have sustained interest in condensed matter physics, and have become key components in technology. For example, the change in the intrinsic bulk electric polarization of non-centrosymmetric pyroelectric compounds, which occurs upon varying the temperature of the material, forms the basis of infra-red sensing devices. Also, research into ferroelectric materials, in which inversion symmetry is broken at a phase transition giving rise to switchable ferroelectric states, has lead to the development of electronic devices such as ferroelectric random access memory (FeRAM) . Multiferroic materials form a subset of ferroelectrics, in which spontaneous electric polarization is coupled to long-range magnetic order. Research in this field has recently undergone a renaissance of interest, following the discovery of magneticfield-switchable electric polarization in the now canonical systems TbMnO 3 1 and TbMn 2 O 5 2 -opening new routes towards the development of novel multifunctional devices.
To integrate multiferroic materials into technology it is necessary to identify systems that exhibit a very large magnetically-induced ferroelectric polarization close to room temperature. However, the largest magneticallyinduced ferroelectric polarization measured to date, (2870 µCm −2 observed in CaMn 7 O 12 below 90 K 3-5 ), is two orders of magnitude smaller than that of a good ferroelectric. Recently, a much larger spin-assisted change in polarization of ∼ 17000 µCm −2 was measured in CaBaCo 4 O 7 below 64 K 6,7 -a very significant observation that, if confirmed, could pave the way for a new generation of magnetic ferroelectrics. In this paper, we perform first-principles calculations and a phenomenological analysis to study the magneto-electric coupling in CaBaCo 4 O 7 . We demonstrate that all single crystal experimental data are consistent with CaBaCo 4 O 7 being pyroelectric rather than ferroelectric in both paramagnetic and magnetically ordered states. The large pyroelectric currents observed near the magnetic phase transition result from an exchange-striction-driven change of ∆P in the paramagnetic pyroelectric polarisation P pyr . However, ∆P is always co-aligned in a fix relation with P pyr , either parallel or antiparallel depending on the sign of the magnetostrictive constant, and neither P pyr nor ∆P are switchable.
II. CRYSTAL AND MAGNETIC STRUCTURES AND ELECTRICAL PROPERTIES
The crystal structure of CaBaCo 4 O 7 , shown in Figure  1 , was found to adopt the polar space group P bn2 1 at all temperatures below 400 K 8 . The structure comprises interleaved kagomé and triangular layers of CoO 4 tetrahedra, which are buckled with respect to a high symmetry, high temperature trigonal polar phase (space group P 31c) common to other members of the RBaCo 4 O 7 series 9,10 (R = rare earth, calcium or yttrium), but yet to be observed in CaBaCo 4 O 7 . In both space group symmetries, CaBaCo 4 O 7 is likely to be a non-switchable pyroelectric material, since atoms in inversion-related structures are separated by large distances. Furthermore, it follows that a high temperature phase transition to a centrosymmetric group is extremely unlikely to occur below the melting point.
The geometric frustration intrinsic to both kagomé and triangular lattices, well known to give rise to exotic frustrated magnetic ground states 11, 12 , is lifted as a result of the CoO 4 buckling. This structural distortion is reported to be largest in CaBaCo 4 O 7 [ 8] , removing the frustration, and promoting ferrimagnetic order developing at T c = 64 K. The magnetic structure 8, 13 is shown in Figure 2 . There are four symmetry inequivalent cobalt sites in the unit cell, labelled Co1, Co2, Co3, and Co4, and colored green, blue, red and pink, respectively, in accordance with the color scheme in reference 13 [ 6] showed that a pyrocurrent signal, corresponding to a change in electrical polarization, coincided with an anomaly in the dielectric constant at the ferrimagnetic ordering transition T c . The pyroelectric signal switches sign with the external electric field, and the results were therefore interpreted as evidence for ferroelectricity and multiferroicity 6, 7 . We note, however, that the magnetically-induced change in polarisation (∆P ∼ 80 µCm −2 was found to be extremely small (approximately 0.1 to 0.5%) with respect to the "pyroelectric polarization" P pyr , with whatever definition might be adopted for it (see Appendix I for an extended discussion); these results therefore have to be interpreted with caution, as they could easily arise from an artefact. Similar measurements on single crystal samples showed much larger pyroelectric currents developing at T c , consistent with a giant change in polarisation of ∆P ∼ 17000 µCm −27 . However, no switching behavior was reported for the single crystal sample.
III. METHODS
Our first-principles calculations were based on densityfunctional theory implemented in the Vienna ab-initio simulations package (VASP) 14, 15 . We used the spinpolarized generalized gradient approximation with onsite Coulomb interactions, U , included for cobalt 3d orbitals (GGA+U) 16 . By fixing the Hund coupling constant J = 1 eV and testing several U values we found that the experimental ground state electronic structure becomes metallic if U < 3 eV. We therefore only present the results for U = 4 eV, as CaBaCo 4 O 7 is known to be an insulator. We also performed calculations with U=6 eV, which produced very similar results. The projector augmented-wave (PAW) 17 method with a 500 eV plane-wave cutoff was used throughout, and a 6 × 4 × 4 k-point mesh converges the calculation very well. In calculations of relaxed crystal structures, first atomic positions, and then the lattice parameters, were left to vary until changes in total energy in the self-consistent calculations were less than 10 −7 eV and the remnant forces were less than 1 meV/Å. The electric polarization was calculated using the Berry phase method 18 .
IV. MODELLING MAGNETISM AND PYROELECTRICITY
We turn to the symmetric Heisenberg model to describe the magnetic interactions in CaBaCo 4 O 7 . The expression for the magnetic Hamiltonian is simplified to H m = ij J ij S i · S j , where J ij are exchange integrals between cobalt spins S i and S j . For simplicity we only consider nearest neighbor (NN) interactions of which 12 are unique, labelled J 1 − J 12 in Fig. 2 . Furthermore, it is reasonable to assume that the main exchange-striction effects primarily originate in NN interactions, and are therefore proportional to S i · S j .
The magnetic point group symmetry of CaBaCo 4 O 7 below T c (m ′ m2 ′ ) only allows a change in electric polarization parallel to the crystallographic c axis to be induced by exchange-striction. All twelve exchange inter- actions can contribute to the change in electric polarization in the experimental ferrimagnetic (EFM) structure, which can be calculated directly. However, the paramagnetic (PM) phase presents a challenge, as spin polarized calculations are required to give accurate results. Thus, to mimic the PM phase, we averaged several spin configurations in such a way that individual NN exchange interactions cancel, i.e.,
, where k denotes the spin configuration -a method reliably used to calculate spin-phonon coupling in the PM phase of ZnCr 2 O 4 [ 19] . The average electric polarization between these spin configurations can then be considered an approximation of the polarization of the PM phase, as any magnetically-induced polarization will cancel, leaving only that intrinsic to the crystal structure.
In CaBaCo 4 O 7 the PM phase was modelled with four collinear spin configurations that we label FM, AFM1, AFM2, AFM3, respectively. FM is a ferromagnetic structure, while the other three are antiferromagnetic structures of the type (--+ +), (-+ -+), (-+ + -) for (Co1,Co2,Co3,Co4), respectively. The values of exchange interaction energies (H m ) for the four spin configurations are given in Table I , where each component exactly cancels within the Heisenberg spin model approximation.
Having established a model for the PM phase, it is now possible to calculate and compare the electric polarization of the PM and EFM structures. Note that in the following the effect of spin-orbit coupling was found to be negligible, and so has been omitted from the final results. Initially we performed calculations on a fixed experimental atomic geometry 13 in order to isolate the pure electronic contribution to the polarization. The results, given in the first part of Table II , show only small variations for all spin configurations, with ∆P approximately 1 mC/m 2 -one order of magnitude smaller than that measured by experiment 7 -indicating that the pure electronic contribution cannot fully explain the measured change in polarization observed upon magnetic ordering. Therefore, an ionic contribution to the electric polarization was calculated by fixing the experimental lattice parameters and relaxing the internal ion positions. The results are shown in the second part of Table II , where it can be seen that both the relative fluctuations and the final ∆P are significantly enhanced. Finally, we allow for magnetic strain coupling by performing full relaxations under each magnetic configuration. The results, given in the third part of Table II , show significant differences with respect to the electronic and ionic relaxation calculation, but give rise to a comparable ∆P . Notably, the sign of the polarization in the EFM phase changes sign upon relaxation, however the relative change, ∆P , remains positive.
The correct approximation of the PM phase is essential in evaluating ∆P . To double check our model, we also generated a model PM state with a set of noncollinear spin configurations that satisfy the same cancellation relation. In this case, fully relaxing the atomic geometry gives ∆P = 4.6 mC/m 2 with U=4 eV, which is in good agreement with that presented in Table II . All calculations show that exchange-striction effects alone can give rise to a giant enhancement of the electric polarisation of the order 1-6 mC/m 2 , comparable to the experimental observations. There remains a discrepancy between the actual magnitude of calculated and experimentally determined change in electric polarization. However, this effect is typical in such calculations due to the limitation of current DFT in the treatment of the strong correlation effects of, in this case, cobalt 3d electrons. Furthermore, the approximation of the paramagnetic phase required for calculations might reduce ∆P since the real PM phase is completely disordered, while our model is constructed from ordered states.
As explained in detail in Appendix I, the electrical polarisation is an ill-defined concept in a pyroelectric, because it depends upon the choice of a hypothetical centrosymmetric phase that is not actually present in the phase diagram. However we chose to define it, the pyroelectric polarisation cannot be switched with an electric field, although one can reverse it by simply rotating the crystal upside down. The key issue that remains to be addressed is whether ∆P is switchable, since a positive answer would indicate a very unusual kind of spin-assisted ferroelectricity. In multiferroics, the magnetically-induced polarisation changes sign upon reversing the polarity of the magnetic structure, which must therefore be acentric. For CaBaCo 4 O 7 , reproducing this mechanism is highly problematic: although the crystal is highly polar, the cobalt sublattice is almost centrosymmetric and the cobalt magnetic structure is also quasi-centrosymmetric, the inverted EFM structure being essentially identical to the EFM structure. For this very reason, ab-intio calculations alone are of limited use in assessing whether ∆P can switch, since there is no obvious way to construct a magnetic domain that would support a reversed ∆P . We therefore adopt a different approach based upon a phenomenological Landau theory, and demonstrate that ∆P does not switch. Furthermore, this minimal model is found to be sufficient to describe the experimental behavior of CaBaCo 4 O 7 when tuned by temperature and magnetic field close to T c . We will employ a scalar notation throughout. Extension to tensor notation is straightforwards but does not add to the essential physics of the problem.
We start by defining a simple Landau free energy for the paramagnetic phase that accounts for its electrical properties in the vicinity of the equilibrium pyroelectric structure. We can write the free energy as:
where α and β are positive constants, which entirely determine the polarisability χ 0 an hyper-polarisability h 0 of the paramagnetic phase -both measurable quantities:
Since we are only interested in the behaviour close to the magnetic transition, we ignore the temperature dependences of α and β, which would give rise to conventional pyroelectric currents upon heating. From eq. 1 we can also extract the equilibrium value of P :
We stress that P 0 is not a measurable quantity and does not correspond to a density of dipole moments P pyr estimated using any of the reference structures proposed in Appendix I. In fact, this would entail extending eq. 1 much beyond the range in which the quartic approximation is valid. However, changes in P in the vicinity of the equilibrium position are well defined and would result in a measurable current in the standard experimental setup. Below we present an estimation of P 0 from ab initio calculations.
We first consider how the Landau free energy in eq. 1 can be modified in the magnetically ordered phase. The point group symmetry of CaBaCo 4 O 7 changes from mm2.1 ′ to m ′ m2 ′ at the magnetic ordering transition. Only time reversal symmetry is broken, with all spatial symmetry operations preserved. The lowest order magneto-electric coupling invariant in the Landau expansion of the free energy is γP M 2 , where γ is a coupling constant, P = P 0 + ∆P , and ∆P is the change in electric polarization upon magnetic ordering as before. M is the magnetic order parameter, which, although primarily antiferromagnetic, is coupled with the magnetic field through the ferrimagnetic component. γP M 2 is time reversal even and parity odd, and as such is allowed prima facie given the polar, paramagnetic parent phase point group. However, the Landau free energy must also be invariant by any continuous or discrete free-space operator applied to the crystal as a whole. If one applies an inversion operator (not part of the crystal symmetry) the magnetic structure remains almost invariant, as explained above, while P changes sign. Since this is an approximate relation, we can only conclude that the γP M 2 term must be very small. An alternative, and perhaps more intuitive interpretation is to consider that CaBaCo 4 O 7 undergoes a hypothetical non-polar to polar structural phase transition to one of the reference structures at very high temperatures. The term γP M 2 is not invariant in any of the hypothetical parent phases, and is therefore rigorously excluded.
We proceed to demonstrate that a change in bulk electric polarization can occur via a magneto-elastic contribution to the free energy described by the higher order term − c 2 M 2 P 2 , which can result in a fractional change ∆P of the electric polarization.
The lowest order, stable Landau expansion of the free energy may be written as:
where a, b and d and T * are constants of the purely magnetic part of the free energy. c is the magneto-elastic coupling constant that may be positive or negative, and all other constants are defined such that positive values stabilize the free energy.
In zero applied electric field, two equilibrium conditions follow:
and,
Substiting eq. 3 into equation 6 and rearranging the terms gives the solution
where M is found by solving equation 5, as described below. Equation 7 contains the essence of the physics of CaBaCo 4 O 7 : at the magnetic ordering temperature, M becomes non-zero, and an additional contribution to the polarisation ∆P develops due to magneto-striction. The sign of ∆P in relation to P 0 is fixed once and for all by the sign of the coupling constant c and can never be switched. In principle, it is possible to determine the values of α and β, and therefore derive P 0 from ab initio calculations of the paramagnetic phase in applied electric field. However, the aforementioned difficulty of performing accurate calculations in the paramagnetic phase makes this approach impractical. We therefore chose a different method, exploiting the fact that P 0 enters as a parameter in the free energy expansion as a function of ∆P around the magnetic ground state. As before, all calculations here are performed with a Coulomb interaction energy of U=4 eV. We first estimate the ab initio atomic structure of the paramagnetic phase (corresponding to ∆P = 0) by averaging the relaxed atomic structures in the four spin configurations (FM, AFM1, AFM2, AFM3) with fixed experimental lattice parameters. The groundstate atomic structure (corresponding to ∆P = ∆P max ) was previously determined by relaxing the atomic positions with the ground-state magnetic structure (EFM). By interpolating between these two extremes we can estimate atomic positions, and therefore calculate groundstate energies, as a function of ∆P . In these calculations, it was assumed that M does not vary, a reasonable approximation for values of ∆P close to the ground state. These energies were then fitted to the expression 4 , which closely follows the form of our Landau theory.
The results of the calculations and are plotted as closed circles in Figure 3 as a function of P/∆P max , together with the fitted expression, plotted as a line. From the fit, we extract a value P 0 /∆P max = 26.51. Taking the reported value of ∆P max = 17 mC/m 2 , this gives P 0 ≃ 450 mC/m 2 We note that the calculated EvP curve is symmetrical about the origin (not shown in Figure 3) . Hence, there exists a single energy minima for each ±P 0 domain, respectively. The energy needed to reverse ∆P , i.e. switch between energetic minima, while preserving the magnetization is about 411 meV, consistent with a value of 464 meV from direct ab-initio calculations This result clearly indicates that ∆P is not switchable for a given P 0 domain. We now turn to the magnetization. Substituting equation 7 into equation 5 gives
where
β . These expressions capture two further key aspects of the physics of CaBaCo 4 O 7 . Coupling to the pyroelectric polarization present in the paramagnetic phase will increase the magnetic ordering temperature, and furthermore, may induce a first-order (negativeb) magnetic phase transition, as opposed to a second-order transition (positivẽ b) expected in magnetic systems. Magnetization data measured parallel to the b axis for B ≃ 0 has been reproduced from reference 7 (Figure 4) , which in the following we take to represent the thermal evolution of the magnetic order parameter. Despite no evidence for magnetic hysteresis at the phase transition 6 , there occurs a sharp jump in the magnetization at T c -evidence for firstorder behavior. This was confirmed by fitting equation 8 to the data, in units of emu/g, and with B = 0. The constantsb and d were allowed to vary freely in the fit, with a set to unity having factored out a scaling parameter, ξ, to be determined later. The best fit is shown in Figure 4 , with a = ξ,b = −0.112ξ, d = 0.00385ξ, and T c = 62.0 K. We note thatb takes a negative value, indicating that the magnetic phase transition is indeed first order due to coupling to P . This result might be verified experimentally by investigating magnetic hysteresis.
Having established the temperature dependence of M , setting the scaling parameter ξ to 0.4 and the ratio of constants c and β that couple M and P to c β = 210, gave the best qualitative agreement with the magnetic field dependence of the electric polarization ( Figure 5 ). This result clearly demonstrates that the experimentally determined H-T phase diagram close to T c can be explained by our phenomenological model based solely on magneto-elastic coupling.
Finally, we again consider the energy barrier associated with the hypothetical switching of ∆P . The difference in energy of two ±∆P ferroelectric domains can be written as:
i.e. there is a large energy barrier to switching ∆P that scales with P 0 , consistent with the results of the calculations described in the above.
VI. CONCLUSIONS
To summarize, we have demonstrated through abinitio calculations that in CaBaCo 4 O 7 , the giant change in electric polarization observed at the phase transition from pyroelectric paramagnetic to pyroelectric ferrimagnetic can arise as a result of exchange-striction effects alone. The change in polarization was found to be an enhancement, i.e. in the same direction as the polarization of the paramagnetic phase, and not switchable. Furthermore, such large changes are only predicted when one considers the relaxation of ionic positions. Our ab-initio results are supported by Landau theory, which predicts the correct magneto-electric behavior apparent close to T c .
VII. APPENDIX I: ABSOLUTE VALUE OF ELECTRIC POLARIZATION
Experimentally, values of electric polarization may be measured in two ways. Firstly, relative changes in polarization can be determined by integrating a pyroelectric current measured upon tuning the system in question between two different structures along a given path, discussed below. Secondly, the absolute polarization may be measured if the system is ferroelectric, and domain switching has been observed. Modern theories of electric polarization, where values can be quantum mechanically calculated using the Berry phase method 18 , closely follow the pyroelectric experimental procedure. The theory is therefore limited to calculating relative changes in electric polarization as follows. The Berry phase method shows that the electric polarization is multivalued with a period of 1 Ω eR, where Ω is the unit cell volume, e is the electron charge, and R is any lattice vector. Therefore, to define an absolute spontaneous polarization in a noncentrosymmetric material, it is necessary to determine the origin of the above periodic polarization. This may be constrained by designating a 'nearest' (smallest total displacement of atoms) high temperature centrosymmetric structure with zero net polarization, e.g. the cubic phase of BaTiO 3 . In order to calculate an absolute value of P pyr in CaBaCo 4 O 7 , it was therefore necessary to define a hypothetical, high temperature crystal structure with zero net polarization -a centrosymmetric supergroup of P bn2 1 . To find such structures, we used the PSEUDO code of the Bilbao Crystallographic Server 20 , which allows one to determine the nearest supergroup structure for an arbitrary subgroup structure. With the experimental atomic structure as input 13 , two suitable supergroup structures were identified with space groups P nna and P ccn, and the structural parameters are given in Table III . In terms of atomic displacements, the P nna structure is the nearest.
Unfortunately, calculations showed that both the two supergroup structures are metallic, preventing ab-initio Berry phase calculations. To obtain a qualitative estimation of P pyr , we therefore assume the two reference structures are insulating and use point charge models to calculate the electric polarization, i.e. P = i Z i r i /Ω, where r i is the position of the ith ion, and Z i is the corre-TABLE III. Atomic positions of the P nna and P ccn reference structures, given in fractional coordinates of the subgroup setting. ux,uy,uz are the displacement vectors that generate the experimental P bn21 structure from the centrosymmetric structures with the origin shifted by (0, 0, -0.2) and (0, 0, -0.44) for P nna and P ccn, respectively. sponding effective charge. Using simple valence charges with Z(Ca)=Z(Ba)=+2, Z(Co)=+2.5, Z(O)=-2, the absolute value of polarization of the PM phase is estimated to be -775 mC/m 2 for P nna and 263 mC/m 2 for P ccn. At first sight, it is surprising that two reference structures give completely different values for P pyr . However, the displacement patterns shown in Table III provide an explanation for this discrepancy. In the following we consider only the displacement along the c direction, as the ab plane components cancel exactly by symmetry. For P nna, almost all cations move in an opposite direction to the anions, giving rise to the large polarization difference along the +c direction. By comparison, in the case of P ccn, cations and anions are both displaced along the positive and negative c directions, resulting in polar contributions that partially cancel with each other, giving rise to the relatively small polarization difference with a sign opposite to that for P nna.
P nna
A simple analogy can be drawn if one considers a 2D lattice of positive and negative charges, illustrated in Figure 6 . Here, it is clear how two opposite displacements of charge can result in different 'nearest' centrosymmetric structures, giving rise to an ambiguity associated with the choice of non-polar reference structures. Although H 2 appears energetically more favourable than H 1 in the 2D example, the case of CaBaCo 4 O 7 is much more complex making it difficult to determine the correct reference structure. In general, real ferroelectric distortions are much smaller than those considered in this paper, so it is often trivial to identify the nearest reference structure, and the polarization may be determined absolutely if the parent phase crystal structure is known. Despite both hypothetical centrosymmetric structures of CaBaCo 4 O 7 having unphysical structural distortions, careful variabletemperature experiments could be performed to identify the direction of the pyroelectric polarization with respect to the crystal structure, and hence remove the ambiguity in determining P pyr .
